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Editor: D. BarceloBiomarkers attract increasing attention in environmental studies, as a tool for detection of exposure and effects of
pollution, frombothnatural and anthropogenic sources. This study aims to assess the impact ofmultiple stressors
during distinctive seasons, covering also extreme hydrological events (extensive ﬂooding in themidMay 2014),
on different levels of biological organization in the liver and gills of three closely related freshwater breams. Our
previous study on DNA damage in blood cells of these specimens showed increased DNA damage in June 2014,
onemonth after the ﬂooding event. As a continuation of that research, the present studywas conducted. As a bio-
marker of exposure DNA damage was measured by applying the alkaline comet assay, while histopathological
alterations were monitored as a biomarker of effect. Additionally, concentrations of metals and metalloids in
gills, liver and muscle were assessed. Sampling of ﬁsh tissues was performed in 2014, during winter (January
and February), spring (March and early June) and summer (late June, July and August). Signiﬁcant seasonal dif-
ference in DNA damage was observed for both tissues. During spring and summer the level of DNA damage in
gills was signiﬁcantly higher when compared to the liver. Histopathological analyses showed higher frequency
of alterations in gills during spring, and in liver during summer, but without a signiﬁcant seasonal difference.
Gills had the highest concentration of metals and metalloids during the spring and summer, and liver duringKeywords:
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Seasonal variationtitute for Multidisciplinary Research, Department of Natural Resources and Environmental Sciences, Kneza Višeslava 1, 11030
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1671J. Kostić et al. / Science of the Total Environment 601–602 (2017) 1670–1681winter.Musclewas the least affected tissue during all three seasons. This study highlighted the importance of the
multiple biomarker approach and the use of different ﬁsh tissues in assessment of surface water pollution.
© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Monitoring of the surface water quality based solely on the analysis
of a limited number of xenobiotics, cannot be considered as reliable due
to the presence of a large number of pollutants. Generally, a mixture of
low concentrations of different compounds is themain reason for many
adverse effects in aquatic animals (Dizer et al., 2002; Navarro-Ortega et
al., 2015). Beside toxic, these agents can exert genotoxic effects, induc-
ing damage in the DNA molecule, which, if not repaired, could lead to
mutations and alterations in cells, tissues, organism, whole population
and the ecosystem. Biomarkers attract increasing attention in environ-
mental studies, as a tool for detection of exposure and effects of pollu-
tion (Deutschmann et al., 2016). Assessment of alterations on different
levels of biological organisation, such as subcellular (genotoxic effects)
and cellular/tissue level (histopathological effects) may lead to signiﬁ-
cant improvement of knowledge about the overall response of aquatic
organisms to pollution (Pacheco and Santos, 2002).
The surfacewater quality at any givenmoment reﬂects the impact of
both anthropogenic and natural sources of pollution. Besides, extreme
hydrological events which are related to a particular season, such as
water scarcity and ﬂooding, may further impair the already vulnerable
state of freshwater bodies (Aborgiba et al., 2016). It is well known that
many areas in Balkans and South-Eastern Europe are characterized by
the seasonality in respect to regular shift of high and low water level.
In such conditions, variation of both water quality and quantity, may
compromise availability of water for human consumption and energy
production. Therefore, monitoring of seasonal changes in surface
water quality represents an imperative for the assessment of pollution
impact from both natural and anthropogenic sources.
Among the chemicals released into the environment, metals and
metalloids take a special place due to their toxicity, genotoxicity, persis-
tence, bioaccumulation and biomagniﬁcation in the food chain (Skorić
et al., 2012; Štrbac et al., 2015; Sunjog et al., 2016). When found in
cells, metals andmetalloids have a potential to produce reactive oxygen
species (ROS) which may interact with proteins, lipids and the DNA
molecule of all exposed organisms, which could be seen as a histopath-
ological change (Fatima et al., 2015). Assessment of metals and metal-
loids concentration in different ﬁsh tissues is extremely important as
ﬁsh represent an important part of the human diet (Sevcikova et al.,
2011).
The integrity of the DNA can be impaired by genotoxic agents.
DNA damage in the form of adduct formation, the absence of methyl-
ation or chain breaks, has been proposed as a useful parameter for
assessing the genotoxic potential of pollutants in the environment
(Everaarts et al., 1993). The magnitude of DNA strand breaks can
be used as a sensitive indicator of genotoxicity and thus, as a bio-
marker of exposure. Single cell gel electrophoresis (SCGE) or comet
assay, is a relatively simple, versatile, rapid, sensitive and extensively
used tool to assess DNA damage on the cellular level (Jha, 2008;
Frenzilli et al., 2009).
Histopathological biomarkers are considered as valuable indicators
of the status of aquatic organisms and depict the effect of exposure to
a series of anthropogenic pollutants (Van der Oost et al., 2003). Histo-
pathological alterations of organs represent endogenous and exogenous
time-integrated effects on the organism, derived from changes in the
lower levels of biological organisation (Teh et al., 1997). Histopatholog-
ical methods can be used in conjunction with other ecotoxicological in-
dicators as an early warning system for the survival of species and
ecosystem protection (Fatima et al., 2014).When examining surface water quality the in situ approach and the
use of feral ﬁsh are particularly valuable, since they provide a realistic
insight into the consequences of exposure and bioavailability of a num-
ber of xenobiotics (Deutschmann et al., 2016). Fish may be exposed to
harmful substances throughwater, sediment and food. Differentﬁsh tis-
suesmay accumulatemetals, metalloids and other xenobiotics at differ-
ent rates, depending on the biochemical properties of pollutants
(Rashed, 2001; Jezierska andWiteska, 2006). In environmental studies,
gills are used as they represent the ﬁrst organ in direct contact with
water and waterborne pollutants, while the liver is used due to its role
in the intermediary metabolism and as a major organ for metabolic
breakdown of xenobiotics (Fasulo et al., 2010).
Common bream, Abramis brama (Linnaeus, 1758), white bream,
Blicca bjoerkna (Linnaeus, 1758) and white-eye bream, Ballerus sapa
(Pallas, 1814) are three closely related, benthivorous cyprinids in Euro-
pean waters, native for the Sava River. These bream species usually in-
habit slow ﬂowing lowland rivers and still waters, near the sandy and
silty bottom, feeding on worms, mollusks, and larvae of insects
(Simonović, 2001). By feeding on bottom dwelling organisms,
benthivorous ﬁsh disturb sediment and ingest sediment particles. This
process leads to the resuspension of the sediment and the release of
substances from the sediment into the water column (Breukelaar et
al., 1994). Moreover, in our previous study, we marked freshwater
bream as a potentially good bioindicator organism in ecogenotoxicity
studies (Kostić et al., 2016). These bream species are chosen as they
are rated as stationary (Bartel et al., 2007) and are highly abundant in
the Sava River (Jovičić et al., 2014). Regarding the similarity and high re-
latedness of three bream species, this study was conducted collectively
on bream species (formerly Abramis sp.). It is expected that the health
status of highly related ﬁsh species which are exposed to the same en-
vironmental conditions will be affected in the same way (Van Dyk et
al., 2009).
The Sava River is one of the most important water courses in Serbia
in terms of water supply for the Serbian capital Belgrade, but also the
cities of Šabac, Obrenovac, Sremska Mitrovica, etc. On the other hand
the degree of sewage treatment is very low or absent, both for urban
and industrial wastewater (Kolarević et al., 2016). Besides, the majority
of agricultural activities are settled near the river bank. This may lead
to both microbiological pollution originating from untreated urban
wastewater and agricultural runoff (Kirschner et al., 2009), and
chemical pollution originating from untreated urban wastewater,
agricultural runoff and industrial wastewater (Loos et al., 2009). In our
previous study, we have characterized anthropogenic waste as the
main source of faecal pollution in the Sava River, indicating the presence
of untreated urban wastewaters (Vrzel et al., 2016).
This research was conducted in January 2014, with the aim to mon-
itor seasonal variations in water quality on the site exposed to multiple
pollution sources. In the middle of May 2014, extensive ﬂooding (100-
year ﬂood) occurred at the examined site. In our previous study, in
which DNA damage in blood cells of these specimens was monitored,
we observed an increased DNA damage in June 2014, one month after
the ﬂooding event (Aborgiba et al., 2016). Having that in mind, this re-
search aims to assess the impact of multiple stressors during different
seasons on different levels of biological organization, subcellular
(genotoxic effect) and cellular/tissue level (histopathological effects)
in the liver and gills of these bream species. Additionally, concentration
of metals and metalloids in gills, liver and muscle were assessed. Data
obtained at the level of each individual were combined to obtain sea-
sonal data about the effect of multiple stressors on freshwater breams.
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2.1. Sampling site
The sampling site Duboko is situated on the Sava River, 23 km up-
stream from the Belgrade city center and from the conﬂuence with
the Danube River (Fig. 1). The site is exposed to untreated wastewater
from the town of Obrenovac (circa 70,000 inhabitants), intensive agri-
cultural activity, but also the cumulative pollution of different type
from upstream sections. The largest thermal power plant in Serbia
“Nikola Tesla - TENT A” (producing 1650 MW power) with the belong-
ing ash ﬁeld is situated approximately 15 km upstream of the sampling
site, which additionally provides potential stress to aquatic ecosystems
within investigated stretch of the Sava River.
2.2. Physical, chemical and microbiological analyses of water
Basic physical (pH, temperature, oxygen concentration, electrical con-
ductivity) and chemical (NO2, NO3−, NH4+, PO43−) parameters were mea-
sured on site by using portable instruments (HI 9126 pH/ORP Meter, HI
9146 Dissolved Oxygen Meter, WTW-Photolab spectrophotometer,
Hanna Instruments, USA; Digital Einstich-Thermometer, TFA Dostmann
GmbH & Co, Germany; EC59/EC60, EC/TDS/TEMP meter, Martini Instru-
ments, USA). Microbiological indicators of faecal pollution, total coliforms
(TC) and Escherichia coli (EC), were assessed by using a most probable
number approach (MPN) by Colilert 18 (IDEXX, Germany). Enterococci
(EF) concentrationswere also determined by theMPN usingMUD/SFmi-
crotiter plates (BIORAD, Austria) and standard method according to ISO
7899-1:1998. PresumptiveClostridiumperfringens (CP)numberswerede-
termined by using membrane ﬁltration and incubation on TSC (Tryptose
Sulphite Cycloserine) media, according to the standard ISO 14189:2013.Fig. 1. Sampling locality Duboko: 1. Sampling site, 2. The mouth of the Kolubara River, 3.
Town of Obrenovac, 4. TENT A with belonging ash ﬁeld.Data on the water level variation during sampling months was provided
by theRepublicHydrometeorological Service of Serbia and given as a Sup-
plementary material (Fig. S1).
2.3. Sampling of ﬁsh tissue
Sampling of breams for comet assay and histopathological analyses,
was done during winter (January and February- 10 specimens), spring
(March and early June- 10 specimens), and summer (late June, July,
and August- 12 specimens), for a total of 32 specimens. Analysis of
metals and metalloids was performed only on ﬁsh sampled in February
(for winter- 5 specimens), early June (for spring- 5 specimens) and in
July and August (for summer- 6 specimens), in total 16 specimens. Ex-
perimentwas approved by the Animal Ethics Committee of the Institute
for Multidisciplinary Research, University of Belgrade. Fish were caught
by angling with a rod. Prior to dissection specimens were anesthetized
using clove oil (50 μL/L) and measured for total length (TL in cm) and
weight (W in g). The condition factor, which is often used to express
the overall state of the ﬁsh, was calculated based on the length-weight
relationship, according to the formula (Bagenal and Tesch, 1978):
CF ¼W L‐3:
2.4. Comet assay analysis
Cell suspensions of liver and gills were prepared based on the proto-
col used in our previous study (Kostić et al., 2016). Brieﬂy, tissue sam-
ples were cut into small pieces in Hank's Balanced Saline Solution
(HBSS) and exposed to trypsin (ﬁnal concentration 0.05%, 10 min,
room temperature). Suspensions were then centrifuged and diluted in
HBSS to obtain approximately 50,000 cells/mL. Cell viability was
assessed by differential acridine orange/ethidium bromide (AO/EB)
staining (Squier and Cohen, 2001). Samples showing N70% cell viability
were further processed for the comet assay.
The alkaline comet assay was performed as described in our
previous study (Kostić et al., 2016). Brieﬂy, slides precoated with two
layers of the 1% NMP (normal melting point) agarose were covered
with 70 μL of 1% LMP (low melting point) agarose mixed with 30 μL of
cell suspensions. For each tissue, per specimen, one slide was prepared.
Slides were immersed into freshly made, ice-cold lysis buffer (2.5 M
NaCl, 100 mM EDTA, 10 mM Tris, 1% Triton X-100, pH 10) and held on
4 °C for 16-18 h. After lysis, slides were covered with cold alkaline
electrophoresis buffer (300 mM NaOH, 1 mM EDTA, pH 13) to enable
denaturation (20 min, 4 °C) and electrophoresis (0.75 V/cm, 300 mA,
20 min, 4 °C). The slides were neutralized (0.4 M Tris, pH 7.5, 15 min,
4 °C) and ﬁxed in cold methanol (15 min, 4 °C). Slides were stained
using acridine orange and examined under a ﬂuorescence microscope.
A total of 250 comets for each tissue were randomly scored and
analyzed by using the Comet IV computer software (Perceptive
Instruments, UK). Tail intensity, % of DNA in the comet tail (TI) was
used to express the DNA damage level.
2.5. Histopathological analysis of liver and gill tissue
Afterﬁxation in 4% formaldehyde, tissueswere processed in an auto-
matic tissue processor Leica TP 1020 (Leica, Germany), dehydrated in a
graded ethanol series, cleared with xylene and embedded in parafﬁn.
Parafﬁn blockswere serially sectioned at 5 μmthickness on amicrotome
Leica SM 2000R (Leica, Germany), dewaxed and stained using a combi-
nation of haematoxylin and eosin (HE). All slides were blinded and
assessed by two histopathologists (B.R. and V.P.). Micrographs were
taken by using a Leica DM LS microscope equipped with a Leica DFC
310 FX camera (Leica, Germany).
The type and the extent of histological alterationswere described by
using a method developed by Bernet et al. (1999). Histopathological
Table 1
Overview of the number of sampled ﬁsh during three seasons, with their total length (TL) and weight (W), and condition factor (CF).
Winter Spring Summer
01/21/2014 02/19/2014 03/20/2014 06/09/2014 06/27/2014 07/16/2014 08/20/2014
TL [cm] W [g] TL [cm] W [g] TL [cm] W [g] TL [cm] W [g] TL [cm] W [g] TL [cm] W [g] TL [cm] W [g]
1 21.5 133 22 139 20.5 69 21 90 16 57 22.5 97 22.5 103
2 21.5 83 21.5 124 18 72 24 97 18 61 16 41 22.2 98
3 21 98 21 107 18.5 63 20 76 15 41 19.5 73 18 61
4 20.5 83 19.9 89 20 65 18 63 18.5 58 14.5 31
5 21 76 19.5 91 19 60 18 76 15 38
Total number of sampled
specimens per season
10 10 12
CF
[Mean ± SD]
1.11 ± 0.19 0.97 ± 0.19 1.03 ± 0.17
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gressive, progressive, and inﬂammatory. Pathological conditions of
blood and tissueﬂuidﬂoware classiﬁedwithin circulatory disturbances.
Regressive alterations are deﬁned as processes which lead to reduction
in function or loss of an organ, while progressive alterations are deﬁned
as increased activity of cells or tissues. Inﬂammatory changes are often
coupled with processes belonging to other reaction patterns and it is
difﬁcult to attribute them to one single reaction pattern. Since two in-
ﬂammatory changes (leukocyte inﬁltration and presence of granulo-
mas) were found in the present study, we decided to introduce
`Inﬂammatory alterations` category as suggested in Bernet et al.
(1999), and not incorporate those changes to other patterns. Each alter-
ation was evaluated by using the importance factor ranging from 1 (al-
teration is of minimal importance) to 3 (alteration is of marked
importance) in order to point out the relevance and pathological signif-
icance of a lesion. Importance factor of each HP alteration is showed in
the Table 2. A score value ranging from0 (absence of alteration) to 6 (se-
vere occurrence of alteration) is speciﬁed in accordance to the degree
and extent of a speciﬁc alteration. To obtain value of the organ index,
importance factor and score value weremultiplied, according to the fol-
lowing formulas (Bernet et al., 1999):
(a) Histopathological index of the organ:
Iorg ¼ ΣrpΣalt aorgrpalt worg rp alt
 
(b) Reaction index of the organ (Iorg rp):
Iorg rp ¼ Σalt aorg rp alt worg rp alt
 Fig. 2. DNA damage in gills and liver cells expressed using Tail Intensity - TI (%) (mean ±
SE) during winter (10 specimens), spring (10 specimens) and summer (12 specimens). ⁎,
⁎⁎;●,●● - observed differences inDNAdamage between gills and liverwithin a particular
season; A,B,C- values marked with different letters are signiﬁcantly different between
seasons in gill tissue; a,b,c- values marked with different letters are signiﬁcantly different
between different seasons in liver tissue; statistical signiﬁcance for three seasons was
tested using Mann-Whitney U test with corrected p level (p b 0.017).(c) The sum of the indices for both organs-Total index for the indi-
vidual ﬁsh:
IT ¼ ΣorgΣrpΣalt aorg rp alt worg rp alt
 
where org represents the organ (IL-liver; IG-gills); rp- reaction pattern,
alt- the alteration, a- score value, and w- importance factor.
Frequency of lesions (FQ) was expressed by dividing the number of
ﬁsh on which the change was found with the number of ﬁsh analyzed:
FQ ð%Þ ¼ Nlesion  Ntotal−1  100:
2.6. Analysis of metals and metalloids in liver and gill tissue
For analysis of metals andmetalloids samples of liver, gills andmus-
cle were immediately washed with distilled water and stored on−18
°C until analysis. All samples were dried by Freeze Dryers Rotational-
Vacuum-Concentrator (GAMMA 1–16 LSC, Germany). Sample portions
between 0.2 and 0.5 g (dry weight) were digested in a microwave di-
gester (Speedwave™ MWS-3+; Berg of Products + Instruments
GmbH, Germany) using 6 mL of 65% HNO3 and 4 mL of 30% H2O2
(Merck suprapure, USA) at a food temperature program (100–170 °C).
After cooling to room temperature, digested samples were diluted
with distilled water to a total volume of 25mL. Analysis was performed
by inductively-coupled plasma optical emission spectrometry (ICP-OES,
Spectro Genesis EOP II, Spectro Analytical Instruments DmbH, Germa-
ny), and included assessment of concentrations of 16 elements (Al, As,
B, Ba, Cd, Co, Cr, Cu, Fe, Li, Mn, Mo, Ni, Pb, Sr and Zn). The following
wavelength lines of the ICP-OES analysis were used: Al 396.152 nm,
As 234.948 nm, B 249.773 nm, Ba 230.424 nm, Cd 226.502 nm, Co
228.616 nm, Cr 267.716 nm, Cu 324.754 nm, Fe 259.941 nm, Li
460.289 nm, Mn 257.611 nm, Mo 202.095 nm, Ni 231.604 nm, Pb
220.353 nm, Sr 460.733 nm, and Zn 213.856 nm. Concentrations of ele-
ments in all tissues are expressed as μg/g dry weight (dw).
To compare the total metal content in different tissues and through
different seasons metal pollution index (MPI) was calculated according
to equation MPI = (cf1 x cf2 x cf3 x…cfn) 1/n, where cfn = concentra-
tion of the metal n in the sample (Usero et al., 1997).
2.7. Statistical analyses
Statistical analyses of the results were performed by using the
Statistica 7.0 Software (StatSoft, Inc.) and SPSS 20.0 (Inc., Chicago, IL,
USA). Normality of data distribution was tested by using the Kolmogo-
rov-Smirnov test. In cases where data followed normal distribution, ho-
mogeneity of variance was tested by Levene's test, signiﬁcant
differences were tested using One-way ANOVA and the post-hoc
Tamhane's T2 test and Dunett's T3 test, since these tests tolerate the
lack of homogeneity. For all tests signiﬁcance was tested for p b 0.05. In
cases where the data did not follow normal distribution, differences
Table 2
Histopathological alterations (with importance factor in brackets) in gills and liver during examined period, with presented Frequency of lesions (FQ), NF- no frequency. Values are pre-
sented as mean ± SE for each season (winter- 10 specimens, spring- 10 specimens, summer- 12 specimens). a, b - values marked with different letters are signiﬁcantly different during
different seasons (One-way ANOVA with post-hoc Tamhane's T2 test, p b 0.05; only signiﬁcant differences are shown).
Histopathological changes Winter Spring Summer
Gills HP indices FQ HP indices FQ HP indices FQ
Circulatory alterations Hyperaemia [1] 2.8 ± 0.6 80% 3.6 ± 0.6 100% 4.4 ± 0.6 83%
Telangiectasia [1] 0.0 ± 0.0 NF 0.1 ± 0.1 20% 0.1 ± 0.1 17%
Aneurism [1] 0.0 ± 0.0 NF 0.4 ± 0.4 10% 0.2 ± 0.2 8%
Intercellular edema [1] 0.2 ± 0.2 10% 0.8 ± 0.4 30% 1.2 ± 0.4 42%
Progressive alterations Hypertrophy of epithelial cells [1] 0.2 ± 0.2 10% 0.8 ± 0.3 40% 0.2 ± 0.2 8%
Hyperplasia of epithelial cells [2] 0.5 ± 0.2 60% 0.9 ± 0.3 70% 0.4 ± 0.2 42%
Hyperplasia of goblet cells [1] 1.4 ± 0.4 60% 0.8 ± 0.4 30% 0.6 ± 0.4 17%
Complete lamellar fusions [2] 0.0 ± 0.0 NF 0.3 ± 0.2 20% 0.0 ± 0.0 NF
Regressive alterations Epithelial lifting [1] 1.8 ± 0.4 80% 2.0 ± 0.5 70% 2.4 ± 0.7 58%
Architectural and structural alterations [1] 1.2 ± 0.3 60% 2.4 ± 0.7 70% 1.8 ± 0.5 58%
Presence of goblet cells in secondary lamellae [1] 0.0 ± 0.0 NF 0.6 ± 0.3 30% 2.0 ± 0.8 33%
Necrosis [3] 0.4 ± 0.3 30% 0.6 ± 0.4 30% 0.4 ± 0.1 50%
Liver
Circulatory alterations Sinusoidal congestion [1] 2.2 ± 0.6a 70% 2.8 ± 0.7ab 70% 5.0 ± 0.5b 100%
Stasis [1] 2.2 ± 0.6a 70% 2.0 ± 0.7a 60% 4.7 ± 0.4b 100%
Regressive alterations Vacuolation of hepatocytes [2] 1.8 ± 0.8 40% 1.4 ± 0.7 40% 0.2 ± 0.2 8%
Necrosis [3] 1.0 ± 0.4 40% 0.6 ± 0.4 20% 1.0 ± 0.3 50%
Fibrosis of periportal and portal areas [2] 0.4 ± 0.3 20% 0.8 ± 0.3 40% 1.2 ± 0.5 42%
Inﬂammatory alterations Leukocyte inﬁltration [2] 1.8 ± 0.5a 70% 1.4 ± 0.4a 60% 4.2 ± 0.6b 92%
Presence of granuloma [2] 0.8 ± 0.3 40% 0.4 ± 0.3 20% 0.5 ± 0.3 25%
Progressive alterations Haemorrhage [1] 0.2 ± 0.2 10% 0.2 ± 0.2 10% 0.0 ± 0.0 NF
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corrected in accordancewith the number of overall comparisons. Correla-
tion analysis between groups of histological alterations in gills was per-
formedbyusing the Pearson correlationwith signiﬁcance level ofpb 0.05.
2.8. Basal level of DNA damage
Since it was impossible to ﬁnd reference (unpolluted) site, with low
anthropogenic impact in the Serbian part of the Sava River we provided
basal DNA damage level assessed in our laboratory for chub Squalius
cephalus obtained on the Uvac River “Zlatar” reservoir (protected natural
area) (Sunjog et al., 2014). This information is added so we could getFig. 3.Histopathological alterations in gills: a. epithelial lifting (arrowheads) (HE ×200); b. hyp
vessel forming hematoma (arrowhead) (HE ×200); c. hyperplasia of epithelial cells (hy), short
×200); d. presence of goblet cells in secondary lamellae (arrowheads) (HE ×400).insight on the variation of DNA damage assessed in breams during differ-
ent seasons and their sensitivity as experimental organisms. Values
expressed using TI % were 4.20 ± 1.07 for liver and 4.44 ± 1.59 for gills.
Additionally breams belong to the same subfamily Leuciscinae as chub.
3. Results
3.1. Condition of ﬁsh
The condition of the ﬁsh was worst during spring, followed by sum-
mer andwinter, however, no signiﬁcant seasonal difference in condition
was observed.erplasia (hy) of epithelial cells leading to complete lamellar fusions, with rupture of blood
ening of secondary lamellae (arrows), stasis in the central venous sinus (arrowhead) (HE
Fig. 4. Histopathological alterations in the liver: a. leukocyte inﬁltration into liver parenchyma and especially around blood vessels (arrowheads); note extensive ﬁbrosis (ﬁ) of blood
vessels (HE ×200); b. congestion of sinusoids (arrows) and presence of stasis inside the blood vessels (arrowheads) (HE ×200); c. vacuolation of hepatocytes (HE ×400); d.
vacuolation of nuclei in hepatocytes (arrowheads) (HE ×1000).
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are shown in Table 1.
3.2. Physical, chemical and microbiological analyses of water
Results on basic physical, chemical and microbiological parameters
are given in the Supplementary Table S1. For physical and chemical pa-
rameters, both monthly and derived average values for each season are
given in this table. For microbiological data classiﬁcation of the water
quality based on faecal indicators was provided according to Kirschner
et al. (2009).
3.3. Comet assay analysis
The DNA damage level in gills and liver cells was expressed by using
the Tail Intensity- TI (%) as a mean ± SE (Fig. 2). A signiﬁcant seasonal
difference in DNA damage level of both gills and liver was observed
for all three seasons. Both tissues had the highest level of DNA damage
during summer. Gills had the lowest level of DNA damage in winterFig. 5. Extent of progressive (IGP), circulatory (IGC), and regressive (IGR) changes in gills
presented as mean ± SE, during winter (10 specimens), spring (10 specimens) and
summer (12 specimens). a,b -values marked with different letters are signiﬁcantly
different between seasons (One-way ANOVA with post-hoc Tamhane's T2 test, p b 0.05).and liver in spring. The level of DNA damage in gills was signiﬁcantly
higher than in liver, during spring and summer, while duringwinter dif-
ference in DNA damage between gills and liver was not observed.
3.4. Histopathological analysis of gills and liver tissue
3.4.1. Speciﬁc histopathological alterations
Detailed overview of speciﬁc histopathological alterations assessed
in gills and liver tissue during the study period, together with marked
seasonal differences for each alteration is given in the Table 2. Addition-
ally, frequency of each lesion- FQ (%) is presented in the Table 2.
In general, branchial apparatus was not extensively damaged in ﬁsh
caught at the study location. The most frequent alterations in gills were
hyperaemia and epithelial lifting, both belonging to the group of easily
reversible alterations with mean scores above 2 (out of a maximum
6). Architectural and structural alterations of epithelium and supportive
tissue, and presence of goblet cells in secondary gill lamellae had histo-
pathological scores between 0 and 2. Other alterations were scarce,Fig. 6. Extent of progressive (ILP), circulatory (ILC), regressive (ILR) and inﬂammatory (ILI)
changes in liver presented as mean ± SE, during winter (10 specimens), spring (10
specimens) and summer (12 specimens). a,b -values marked with different letters are
signiﬁcantly different between seasons (One-way ANOVA with post-hoc Tamhane's T2
test, p b 0.05).
Fig. 7. Liver (IL), gills (IG) and total histopathological index (IT) presented as mean ±
SE, during winter (10 specimens), spring (10 specimens) and summer (12 specimens).
a,b -values marked with different letters are signiﬁcantly different between seasons
(One-way ANOVA with post-hoc Tamhane's T2 test, p b 0.05).
Fig. 8.Metal pollution index of gills, liver andmuscle tissue during three examined seasons
(5 specimens per season were analyzed).
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crosis of the tissue, whichhad low scores (below1).Noneof the individ-
ual alterations in gills did show signiﬁcant seasonal variation. Some of
the gill alterations observed in this study are presented in the Fig. 3.
In liver, alteration with the highest mean histopathological score
was sinusoidal congestion, with higher scores in the summer compared
to the winter (p b 0.05). This change was frequently accompanied with
stasis of blood and inﬁltration of leukocytes. Two latter alterations also
had signiﬁcantly higher scores in summer comparing to both winter
and spring (p b 0.05). Other alterations had lower scores, but necrosis
in liver, during winter and summer periods, had a mean value of 1,
which is more than focal extent in the liver. Some of the observed
liver alterations in this study are presented in the Fig. 4.Table 3
Concentration of metals and metalloids in muscle, liver and gills; data are presented as mean
signiﬁcantly different between seasons in a particular tissue (One-way ANOVA with post-hoc T
ferent between tissues in a particular season (One-way ANOVA with post-hoc Dunett's T3 test
specimens.
Muscle
Al
μg/g
Winter
Spring
Summer
14.26 ± 14.94A a
19.62 ± 18.88A a
7.20 ± 4.27A a
As
μg/g
Winter
Spring
Summer
0.35 ± 0.32
0.42⁎
0.04⁎
Cr
μg/g
Winter
Spring
Summer
0.20 ± 0.16A a
1.72 ± 3.34AB a
0.29 ± 0.23A a
Cu
μg/g
Winter
Spring
Summer
1.05 ± 0.67A a
0.83 ± 0.31A a
0.55 ± 0.23A a
Fe
μg/g
Winter
Spring
Summer
13.64 ± 4.20A a
16.57 ± 12.95A a
14.74 ± 10.13A a
Mn
μg/g
Winter
Spring
Summer
0.80 ± 0.21A a
2.70 ± 1.15A ab
4.29 ± 0.80A b
Mo
μg/g
Winter
Spring
Summer
0.21 ± 0.19A a
0.33 ± 0.13A a
0.40 ± 0.18A a
Pb
μg/g
Winter
Spring
Summer
0.11⁎
0.06 ± 0.05a
0.07 ± 0.04a
Sr
μg/g
Winter
Spring
Summer
1.52 ± 0.50A a
2.19 ± 1.06A ab
3.04 ± 1.03A b
Zn
μg/g
Winter
Spring
Summer
31.09 ± 6.92A a
20.20 ± 4.91A a
22.17 ± 6.21A a
Ba
μg/g
Winter
Spring
Summer
2.01 ± 0.71A a
1.39 ± 0.49A a
1.73 ± 0.49A a3.4.2. Categorisation of histopathological alterations in gills and liver
In gill tissue most pronounced alterations in all three seasons
belonged to the category of regressive changes (IGR), following circula-
tory (IGC) and progressive disturbances (IGP). Interestingly, signiﬁcant
correlationwas observed between regressive and circulatory alterations
in gills (r=0.5472, p=0.0018). A signiﬁcant seasonal differencewithin
the alteration categorywas observed only within circulatory alterations
between winter and summer (Fig. 5).
In liver tissue, circulatory (ILC) and inﬂammatory (ILI) disturbances
dominated during the summer with signiﬁcant differences in compari-
son to both winter and spring. During winter and spring the most prev-
alent in the liver were the regressive changes (ILR) without signiﬁcant
seasonal differences. Progressive alterationswere the least frequent he-
patic lesions, without signiﬁcant seasonal variations (Fig. 6).
Overall, greater presence of alterations in gills was visible during
spring and in liver during summer, without signiﬁcant seasonal differ-
ences, as shown by tissue histopathological (IG and IL) index. A total± SD (16 specimens were analyzed in total). a,b -values marked with different letters are
amhane's T2 test, p b 0.05). A,B,C -values marked with different letters are signiﬁcantly dif-
, p b 0.05); ND- non detected; ⁎/⁎⁎ Value obtained in one specimen/Value obtained in two
Liver Gills
9.09 ± 10.61A a
42.32 ± 77.3 1A a
36.79 ± 69.91A a
11.52 ± 7.06A a
233.95 ± 171.8 7A a
47.67 ± 64.40A a
2.32 ± 2.43a
1.21 ± 1.73a
1.10 ± 0.48a
0.52⁎
1.54⁎
0.03⁎
0.22 ± 0.11A a
0.23 ± 0.18A a
0.22 ± 0.11A a
0.64 ± 0.24B a
1.44 ± 0.3 4B b
0.97 ± 0.16B ab
19.18 ± 15.83A a
17.63 ± 3.39B a
19.38 ± 3.61B a
0.31 ± 0.44A a
15.12 ± 32.78AB ab
1.22 ± 0.52A b
225.89 ± 198.85AB a
223.23 ± 151.48A a
231.03 ± 95.03B a
148.42 ± 54.63B a
331.41 ± 215.19A a
204.50 ± 175.42AB a
4.90 ± 1.11B a
6.34 ± 2.04B a
6.64 ± 1.30 B a
13.63 ± 6.30B a
81.22 ± 35.18C b
92.27 ± 13.67C b
0.28 ± 0.15
0.56 ± 0.57⁎⁎
0.60⁎
1.65 ± 1.49A a
2.91 ± 0.85B a
2.57 ± 0.43B a
0.53 ± 0.25a
0.30 ± 0.21a
0.36 ± 0.23a
ND
1.07⁎
0.28⁎
0.38 ± 0.14B a
0.30 ± 0.11B a
0.49 ± 0.18B a
63.17 ± 31.57C a
86.05 ± 38.57C a
75.41 ± 5.53C a
55.20 ± 24.52A a
42.83 ± 8.50B a
58.08 ± 14.52B a
48.12 ± 21.33A a
59.38 ± 7.98C a
69.04 ± 5.08B a
0.28 ± 0.22⁎⁎
2.56⁎
0.33 ± 0.21
21.05 ± 7.91B a
37.26 ± 9.81B ab
40.70 ± 5.71B b
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summer, with signiﬁcantly higher level of alterations in summer in
comparison to winter (Fig. 7). Although IL did not show signiﬁcant sea-
sonal variation it should be taken into consideration that increase of al-
terations in liver during summer probably contributed in a large degree
to signiﬁcant increase of total histopathological index IT during summer.
3.5. Analysis of metals and metalloids in gills and liver tissue
Concentration of metals and metalloids during winter, spring and
summer in muscle, liver and gill tissue of examined bream specimens
is shown in Table 3, together with signiﬁcant differences between sea-
sons and between different tissues during the same season.
B was below the detection limit during all seasons in all examined
tissues. Cdwas only detected in liver during summer, in two specimens
during spring, and one specimen in winter. Co was only detected in
liver, in one specimen in winter and one specimen in spring. Li was
only detected in liver in one specimen during spring. Ni was detected
in liver and muscle in one specimen during spring, and one specimen
in summer. In gills, Ni was detected in one specimen during spring
and all specimens during summer. These elements were not taken
into consideration for statistical analyses, due to their irregular detec-
tion during sampling period.
Regarding Al concentration no signiﬁcant difference during different
seasons and tissueswas observed. As dominated in liver, with no signif-
icant seasonal variation. Cr concentrationwas the highest in gills, during
winter and summer in comparison to bothmuscle and liver, and during
spring in comparison to liver. In gills signiﬁcantly higher concentration
of Cr was observed in spring in comparison to winter. Cu concentration
was signiﬁcantly higher in liver, during summer in comparison to mus-
cle and gills, and during spring in comparison tomuscle. In gills Cu con-
centration during summer was signiﬁcantly higher in comparison to
winter. Fe concentration in gills was signiﬁcantly higher during winter,
and in liver during summer in comparison tomuscle. Signiﬁcant season-
al variation in Fe concentration was not observed in either tissue. Mn
concentration was the highest in gills during spring and summer in
comparison to both liver and muscle, while during winter it was higher
in comparison tomuscle. In gills Mn concentrationwas the highest dur-
ing spring and summer in comparison to winter. In muscle Mn concen-
tration was the highest during summer in comparison to winter, while
in liver no signiﬁcant seasonal variation was observed. Mo concentra-
tionwas the highest in gills in comparison tomuscle. Signiﬁcant season-
al variation of Mo concentration was not observed in either tissue. Pb
was dominant in liver, without signiﬁcant seasonal variation. Sr concen-
trationswere the highest in gills during all three seasons, in comparison
to both liver and muscle. In muscle, Sr concentration was signiﬁcantly
higher during summer in comparison to winter. Zn concentration was
the highest in gills during spring in comparison to both muscle and
liver, and during summer in comparison to muscle. Zn concentration
did not vary signiﬁcantly during different seasons in either tissue. Ba
concentration was the highest in gills in comparison to muscle, during
all three seasons. In gills, Ba concentration was signiﬁcantly higher dur-
ing summer in comparison to winter.
Metal pollution indexwas calculated in order to normalize and com-
pare thewholemetal contamination of different tissues during different
seasons at examined site. According to the MPI, gills were under the
highest pressure of metal pollution during spring and summer. Liver
was under the highest pressure of metal pollution during winter,
while the muscle was the least affected tissue during all three seasons
(Fig. 8.).
4. Discussion
This study investigate the seasonal variation of DNA damage level,
histopathological alterations and concentrations of metals and metal-
loids in the liver and gills of freshwater breams on the locality exposedto multiple pollution sources. During the entire period of research the
electrical conductivity was above 100 μS/cm which is according to
Camargo and Martinez (2007) associated with impaired water quality.
Also, pH value was above 8 in all sampling seasons, which could be
stressful for ﬁsh in terms of the increased O2 diffusion distance
(Marchand et al., 2009).
4.1. Analysis of metals and metalloids in gill and liver tissue
The study of Salem et al. (2014) concluded that due to the benthic
way of life, gills of the bottom feeding ﬁsh are constantly exposed to
the metal-containing sediment and therefore it is not surprising that
in our study gills were the tissue under the highest pressure of metals.
The highest concentration of elements in gills suggests that water
could be the main source of pollution (Kraal et al., 1995). Gills showed
speciﬁcity for the accumulation of Cr, Mn, Mo, Sr and Ba. Cr had signiﬁ-
cantly higher levels during spring, Ba during summer, whileMn andMo
had signiﬁcantly higher levels during both spring and summer, in com-
parison to winter. This increase in spring and summer concentrations
could be related to the ﬂooding event, due to the introduction of pollut-
ants from surrounding area and disturbed sediment, but also due to the
metabolism changes. According to Regoli (1998) it is expected that
metal concentrations in tissues vary depending on the season, due to
the change in both environmental input and changes in metabolism.
The study of Pereira et al. (2010) associated seasonal variation in
metal concentrations in gills with temperature effect on the metal up-
take, which is enhanced during summer. Many studies observed similar
afﬁnity of gills towards aforementioned elements (Višnjić-Jeftić et al.,
2010; Sunjog et al., 2012; Subotić et al., 2013). Interestingly, in these
studies liver is marked as a target organ for Mo accumulation, while in
our study we observed the highest concentrations of Mo in gills. It is
possible that Mo formed a complex with the mucus on the gills surface
which prevented its entrance into the body and other organs, which is
reported for some metals by Dural et al. (2006). This is supported by
the fact that hyperplasia of goblet cells was the highest during winter
and gradually decreased towards the summer, while Mo concentration
was the lowest during winter (high mucus production) and increased
towards summer (low mucus production). In the study of Reid (2002)
Mo in conjunction with histopathological alterations in gills such as in-
creased mucus production, increased gas diffusion distance and de-
creased gill surface area, which could have result in an increase of
ventilatory frequency. This respiratory stress may further increase the
level of oxidative damage in gills and be the reason of higher DNA dam-
age level in gills observed in this study.
In our study, liver was themain organ for the accumulation of Cu, As
and Pb. Cu concentrations in liver did not vary signiﬁcantly during dif-
ferent seasons. In the study of Farkas et al. (2000) Cu had the highest ac-
cumulation rate in livers of three ﬁsh species in comparison to gills and
muscle, without observed seasonal variation in concentrations. The
study of Lenhardt et al. (2012) observed the highest concentration of
Cu in the livers of freshwater bream and white bream in comparison
to gills, muscle and gonads. Many studies reported that ﬁsh liver is
one of the major target organs for As accumulation (Sorensen et al.,
1979; Farombi et al., 2007; Jarić et al., 2011). According to
Bhattacharya and Bhattacharya (2007) As have the potential to induce
oxidative stress in the ﬁsh liver and alter hematological parameters.
Sorensen et al. (1980) showed positive correlation between the levels
of arsenic accumulated in the liver of green sunﬁsh and the level of his-
tological damage in that tissue. Pb is marked as a common heavy metal
found in the environment, emerging from sources such are urban
wastewaters, industrial discharges and agricultural runoff (Olojo et al.,
2005). The study of Vinodhini and Narayanan (2008) also reported
about Pb preference for accumulation in the ﬁsh liver.
Muscle tissue was the least affected during the study period. In this
study, Mn and Sr concentrations in muscle were signiﬁcantly higher
during summer in comparison to winter. In environmental studies of
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is used for human consumption. To compare data obtained in this study
to prescribed maximum acceptable concentrations (MAC) according to
National Regulation of the Republic of Serbia (Ofﬁcial Gazette of FRY, No
28/2011, 2011), all concentrations obtained in muscle were trans-
formed from dry weight to wet weight (ww). Prescribed MAC values
in the ﬁsh meat are for Pb: 1.0, As: 2.0, Cu: 30.0, Fe: 30.0 and Zn:
100 mg/kg or μg/g ww. For Pb the following values were obtained:
non-detected (ND) during winter, 0.01 μg/g ww during spring and ND
during summer; for As: 0.09 μg/g ww during winter, and ND during
both spring and summer; for Cu: 0.28 μg/g ww during winter, 0.21 μg/
g ww during spring, and 0.09 μg/g ww during summer; for Fe: 3.51
μg/g ww during winter, 4.06 μg/g ww during spring, and 3.35 μg/g ww
during summer; and for Zn: 8.08 μg/g ww during winter, 5.05 μg/
g ww during spring, and 4.89 μg/g ww during summer. Thus, in our
study none of the aforementioned elements did not exceed prescribed
MAC values for the ﬁsh meat.
Besidemonitoring ofmercury inﬁsh tissue, that is regulated by theDi-
rective on Priority Substances in the ﬁeld of Water Policy (EU, 2013), our
results imply that it is important to monitor the concentration of other
metals andmetalloids in tissues of freshwater organisms.Moreover,men-
tioned regulation (EU, 2013) does not standardize themonitoring ofHg in
a sufﬁcient way, thus it is hard to provide comparable datasets over the
European continent. In practice, this means that the European regulative
on the ﬁeld of water policy should be constantly developed.
4.2. Comet assay
In this study, we observed signiﬁcant seasonal differences in DNA
damage of both liver and gill cells, with both tissues having the highest
DNA damage level during summer. The metabolic rate and physiology
of all ectothermic organisms is highly dependent on temperature
(Clarke and Johnston, 1999). The study of De Andrade et al. (2004)
showed that increased temperature caused an increase in theDNAdam-
age level of blood cells of two ﬁsh species, both baseline levels and levels
obtained in vitro under the treatment with MMS. The same group ob-
served high sensitivity of the comet assay applied in situ and seasonal
variation inDNAdamage of blood cells,with higher levels duringwarm-
er seasons. In our previous study on the Danube River, DNA damage in
blood, liver and gill cells of freshwater breamwas also the highest dur-
ing summer (Kostić et al., 2016). In the present study, the level of DNA
damage in gills was signiﬁcantly higher in comparison to liver, during
spring and summer. Statistical analysis of data from the individual
months showed the highest DNA damage in gill cells during early
June, and it was signiﬁcantly higher in comparison to all other sampling
months. A possible cause of this incidence could be a withdrawal of
water which took place in June, after the ﬂooding event that occurred
in the middle of May. It is possible that the water that withdrew from
the surrounding agricultural land and thermal power plant ash dump
introduced a large amount of the genotoxic substances into the Sava
River, which exhibited their genotoxic action in direct contact with
gills. According to Polard et al. (2011), the highest concentrations of
pesticides in streams near the agricultural area occur during ﬂoods,
through the surface water runoff. Additionally, ﬂoods can have a
major impact on sediment disturbance and resuspension of pollutants
adsorbed on sediments, promoting the release of pollutants retained
in the sediment (Hollert et al., 2000). The study of Brinkmann et al.
(2010) showed that genotoxic effects occur after relatively short expo-
sure to resuspended sediments in a simulatedﬂood event. Also, Cr levels
were signiﬁcantly higher in gills during spring (early June), almost a
month afterﬂooding occurred. The study of Kumar et al. (2013) pointed
out the ability of Cr to increase the levels of reactive oxygen species and
induce DNA damage in both peripheral blood and gill cells of common
carp (Cyprinus carpio). In the study of Velma and Tchounwou (2010),
exposure of goldﬁsh (Carassius auratus) to Cr resulted in oxidative
stress, increased DNA damage and histopathological effects in liverand kidney. Additionally, Mn and Ba concentrations in gills were signif-
icantly higher during both spring and summer. DissolvedMnmay reach
very high concentrations in natural waters as a result of human activi-
ties such as metal mining and industrialization (Morillo and Usero,
2008). In the study of Vieira et al. (2012) Mn caused generalized oxida-
tive stress in different ﬁsh organs, with gills being the most sensitive
organ. Treatment of ratswith Ba via drinkingwater increased total chro-
mosomal aberrations and micronucleus frequencies in bone-marrow
cells (Elwej et al., 2016). This, together with increased temperature
could be the main reason of increased DNA damage in gills during the
summer season. On the other hand, liver had the highest DNA damage
during August, and it was signiﬁcantly higher compared to other
months. This could be explained by a higher metabolic activity of ﬁsh
during summer, under increased temperature, which was the highest
in August. Also it is possible that DNA damage in liver increased in Au-
gust as a consequence of processing a large amounts of genotoxic sub-
stances introduced in water, sediment and biota after ﬂooding event
(Pailler et al., 2009).4.3. Histopathological analysis of gill and liver tissue
Gill ﬁlaments and lamellae provide a large surface area which is in
direct and constant contactwithwaterborne pollutants,making gills ex-
tremely sensitive to chemicals from water (Bernet et al., 1999; Au,
2004). However, gills respond non-speciﬁcally to pollutants and various
pollutantsmay cause similar reactions of the gill tissue. In this study, gill
histopathological index (IG) did not show signiﬁcant seasonal varia-
tions, however it was the lowest during winter, the highest in spring,
and slightly decreased in summer. Since gills respond quickly to envi-
ronmental changes it is possible that higher response during spring is
related to the ﬂooding event and introduction of xenobiotics in the
water.
During the study period, themost prevalent alterations in gills were
regressive changes, followed by circulatory and progressive distur-
bances. The most pronounced regressive alterations were epithelial
lifting, architectural and structural alterations, and presence of goblet
cells in secondary lamellae, particularly during spring and summer. Ep-
ithelial lifting represents one of themost common alterations in studies
of gill histopathology, and is frequently found inmetal exposure studies
(Pandey et al., 2008). This rapid and reversible change occurs as a re-
sponse to stress conditions/presence of contamination, resulting in an
increased diffusion distance betweenwater and blood. In newly formed
conditions of reduced oxygen concentration, blood ﬂow increases
which leads to an increase in the level of circulatory alterations
(Schlenk et al., 2008; Rašković et al., 2013). Our study conﬁrmed accom-
paniment of regressive and circulatory alterations in gills, since we ob-
served signiﬁcant positive correlation between these two groups of
alterations. Themost pronounced circulatory alterationwas hyperemia,
representing an increased blood supply due to disturbed gas exchange
(Rašković et al., 2010). Nonetheless, Cr had the highest concentration
in gills during spring, while Mn and Ba had signiﬁcantly higher concen-
trations in gills during both spring and summer. In the study of Alazemi
et al. (1996) exposure of ﬁsh to Cr induced extensive alteration of the
normal architecture of gill lamellae. Cr and Ba caused gill alterations
such as aneurism, dilated and clubbed tips, hyperplasia, oedema, curva-
ture, fusion of lamellae, increase of mucous secretion in zebraﬁsh
(Rahmani et al., 2016). The most pronounced progressive alteration
was hyperplasia of goblet cellswhichwas the highest duringwinter. Ac-
cording to the Haaparanta et al. (1997) low temperature has been
linked to the proliferation and distribution of ﬁsh gill mucous cells.
The increase in goblet cells production is also considered as a defense
mechanism since mucus contains glycoproteins which may arrest toxi-
cants and prevent their entry in the gill epithelium (Peatman et al.,
2015). This may be the reason for the reduced response of gills during
winter.
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thesis of enzymes, and metabolism of xenobiotics, due to which it usu-
ally represents one of the most frequently damaged organs (Wolf and
Wolfe, 2005). According toMarchand et al. (2009) in livers of ﬁeld spec-
imens histopathological alterations could be induced by a large number
of pollutants. Also, gill degeneration caused by oxygen deﬁciency could
make an additional pressure on the induction of changes in the ﬁsh liver
(Younis et al., 2013). In the present study, liver histopathological index
(IL) showed the highest values in summer, although not signiﬁcant in
comparison to winter and spring. As in the case of DNA damage
(comet assay) this ﬁnding could be prescribed to a higher metabolic
rate of ﬁsh liver during warm seasons and ﬂooding. The study of
Einsporn et al. (2005) reported about the presence of histopathological
alterations in liver of ﬂounder (Platichthys ﬂesus) even 5 months after a
ﬂooding event.
Circulatory and inﬂammatory alterations in liver were signiﬁcantly
higher during summer, in comparison to winter and spring. The most
prevalent circulatory alterations were sinusoidal congestion and stasis,
with signiﬁcantly higher values during summer in comparison to win-
ter, and in the case of stasis in comparison to spring as well. Circulatory
disturbances are frequently reported in ﬁsh exposed to organic contam-
inants (Rašković et al., 2013). The study of Kaoud and El-Dahshan
(2010) attributed histopathological alterations such as circulatory im-
pairment to the prolonged exposure to heavy metals, such are Pb, Cu,
Cd and Hg. In our study liver is marked as a major organ for Pb, Cu
and As accumulation. Atamanalp et al. (2008) reported that treatment
of rainbow trout (Oncorhynchus mykiss) with copper sulfate induced,
among other alterations, congestion of blood vessels in the liver. Ac-
cording toMohamed (2009) stasis of blood could be responsible for cel-
lular degeneration and necrosis in liver. Sinusoidal congestion is
blocking blood from the hepatic artery and the interbiliary portal vein,
which has to pass through the sinusoids, on its way to the central
vein. This incapacity of blood to reach the central vein forces liver to
pump blood harder which may cause the stress in liver (Olojo et al.,
2005). This could be further corroborated by the presence of ﬁbrosis
in periportal and portal areas, frequently found in similar ﬁeld studies
(Poleksić et al., 2010; Rašković et al., 2015). Within inﬂammatory alter-
ations the most prevalent was leukocyte inﬁltration with signiﬁcantly
higher values during summer in comparison to both winter and spring.
The study of Paolini et al. (2004) reported leukocyte inﬁltration in chub
(Leuciscus cephalus) liver from two Italian rivers exposed to sewage
wastewater discharge. According to Secombes and Chappell (1996)
ﬁsh leukocytes are part of non-speciﬁc cellular defense, such as phago-
cytosis and phagocyte killing. The presence of leukocytes clearly indi-
cates an inﬂammatory reaction and reﬂects an immunological
response to environmental contaminants (Reite, 1998). Beside the af-
ﬁnity of certain elements to accumulate in ﬁsh liver signiﬁcant seasonal
difference in their concentrations in this tissue was not observed. Thus,
signiﬁcant increase of liver histopathological index during summer
could be attributed to some other chemical and infectious agents, but
also to increased metabolism of ﬁsh.
5. Conclusions
This study has highlighted the impact of the sampling season and
possible signiﬁcant impact of ﬂoods on the variation of the biomarkers
response and concentrations ofmetals andmetalloids in theﬁsh tissues.
This is reﬂected in signiﬁcantly increased DNA damage, a slight increase
of histopathological alterations and increased concentrations of metals
and metalloids in gills during spring. On the other hand, the response
of liver, both in the case of DNA damage and histopathological distur-
bances was postponed and it was the highest during summer. As ex-
pected, gills and liver showed different responses to environmental
stress. Gills as the ﬁrst organ in direct contact with water showed a
higher response in terms of DNA damage (molecular level), while the
liver as the major organ for processing of xenobiotics both from waterand food showed a higher degree of histopathological alterations (tis-
sue/organ level). Without complex assessment of biota response to all
ﬁeld variables, anymonitoring program could not be considered appro-
priate. The use of set (battery) of indicators, as well as examination of
different tissues was approved as an effective approach, once again.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2017.05.273.
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